Introduction
Ever since coronae were recognized as a unique landform on Venus from images returned by the Venera 15 and 16 spacecraft [Barsukov et al., 1984 , 1986 : Nzkolayeva et al., 1986 , their generally elevated topography, central bowl, tectonized raised annular rim, and surrounding moat have led many investigators to attribute their formation to endogenic processes, principally gravitational modification of topography raised by mantle flow [Barsukov et al., 1984; Pronm and Stofan. 1990; Stofan and Head, 1990] . This view was reinforced by the more extensive and detailed images and topographic data returned by the Magellan mission [Solomon et al., 1991; Squyres et al., 1992a] . In this model, corona formation begins with mantle diapirism raising the surface to form a broad dome that may be radially fractured.
Such domes were posited as a precursor to coronae [Stofan and Head 1990] , and several examples of radially fractured domes were revealed by Magellan [Squyres et al., 1992a; Stofan et al., 1992] . As the diapir flattens against the lithosphere, the model suggests that the dome assumes a more level, plateau shape [.lanes et al., 1992] which then gravitationally relaxes with diapir cooling to form the final coronal topography [Slofan et al., 1991; Janes et aL, 1992] .
Geophysical modeling has confirmed the ability of the proposed processes of diapiric uplift and subse-Copyright 1995 by the American Geophysical Union.
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0148-0227/95/95JE,-01748505.00 quent relaxation to form the majority of topographic and tectonic characteristics of radially fractured domes and coronae [Stofan ef al., 1991; Janes et al., 1992] .
However, models to date have involved simplifying assumptions that have limited their usefulness in depicting the evolution of coronae.
In particular, no model to date has addressed what the topographic end state of a corona should be. The studies of the relaxation portion of corona evolution by both Stofan et al. [1991] and Janes et al. [1992] employed the viscous model of Bmdschadler and Parmentter [1990] . This model includes only viscous rheology and does not consider the elastic properties of the crust and mantle, which together with isostacy, will ultimately support the load represented by the high-standing topography of coronae. The result of this simplification is that this model predicts that topography will ultimately relax entirely, producing a flat plain. In addition, although this model uses non-Newtonian flow laws for viscous theology, it linearizes these laws by assuming that a constant, characteristic stress operates throughout the relaxation process, thus effectively treating viscosity as Newtonian.
This approximation of viscous behavior permits predicted stresses during relaxation to vary from a few tens of MPa to a few tens of thousands of MPa, depending on the exact choice of parameterizing constants [Sfofan et ai., 1991; Janes et al., 1992] , and therefore fails to place reliable limits on the ability of the relaxation to produce the tectonism attributed to this stage of corona formation.
Modeling of folding on Venus [Zuber, 1987; Zuber and Parmentier, 1990] et al., 1991; Janes et al., 1992; Squyres et al., 1992a; Sandwell and Schubert, 1992a] . We will demonstrate that most of these features will develop during the relaxation of plateau-shaped topographic highs on Venus, and that the topographic signature of central raised depression, annular rim, and encircling moat will persist through geologic time.
Model

TECTON
To study the relaxation of topographic highs on Venus, we use the viscoelastic finite element code TECTON [Melosh and Raefsky, 1980] . We use an axisymmetric grid ( Figure 3 ) in which the side nodes are fixed horizontally and are free to move vertically. The base nodes are fixed vertically and are free to move horizontally. All other nodes are free to move both horizontally and vertically. Circumferential movement is constrained by the axisymmetry to be zero. Since the base and and outer edge are fixed, they must be set far enough away from the area of interest that they do not affect its movement. Appropriate distances were found experimentally by increasing the depth and width of the grid until no change in results was observed with further increases. where Aat is the stress difference r,'qulr,.d l<, produc+. brittle failure in extension. We tak,. th,. _,'rttcal stress to be that due to the overburden k a, = _--_(p, gh, t 
where t is the strain rate, an is the differential stress, R is the gas constant, T is the absolute temperature, and A, n and Q are experimentally determined values.
Equation (6) can be recast to determine the differential stress required for a given strain rate:
We treat the temperature as following an error func- sphere under a load, we use the compressional elastic critical stress to determine the depth of changeover between dominant behaviors.
A typical failure envelope calculated in the fashion described above ts shown tn 
Initial Conditions
Stress state. Changes with depth in the dominant rheological response have two important _mplicattons for the starting conditions of the finite element grid. The first of these is the initial stress state of the rocks.
Rocks dominated
by elastic behavior are assumed to be initially in a state of lithostatic stress:
where _r_ is the radial stress and a# is the hoop stress, while rocks dominated by viscous behavior are assumed to be initially in a state of hydrostatic stress:
We initially take the vertical stress, _,, to be that due to the overlying layers of material with no horizontal variation, i.e., we do not include the stresses due to the initial plateau load or any changes to the crust/mantle boundary below the load. To simulate these additional stresses, we make use of the initial elastic solution of TECTON, which returns any instantaneous displacements and resulting stresses due to the grid being initially out of equilibrium.
We take the resulting stresses for each element as the starting stress state for a new elastic solution.
This iterative process is repeated until all initial elastic displacements are less than 1 m.
Buoyancy
Forces.
The second important implication in the change of the dominant theological response mechanism is the imposition of buoyant restoring forces.
It is sometimes erroneously thought that buoyancy requires a density contrast between materials. However, a solid material of p = 1.0 g/cm 3 immersed in water is subject to buoyancy. It is, in fact, neutrally buoyant specifically because of this force exactly counteracting the force of gravity.
Buoyancy is a fluid response [Cathles, 1975] , so that this restoring force must be applied at each level at which a predominantly elastic material lies on top of a predominantly viscous material, or at the boundary between two immiscible fluids. In TECTON, such a force is applied at nodes and is equal to pAgi5z
where A is the area defined by the horizontal distance between the centers of the elements on either side of the node and (since TECTON treats axisymmetric grids as extending 1/2 radian from both sides of the plane of the grid for computational purposes) a concentric distance equivalent to 1 radian at the radial distance of the node, and/Sz is the total vertical displacement of the node. At the changeover from elastic to viscous crust the density , 1990] . To cover a meaningful range of values, we examine crustal thicknesses of 5, 11, and 21 km.
Thermal gradients have also been determined by many of the same studies [Zuber, 1987; Banerdt and Golombek, 1988; Zuber and Parmentier, 1990; Grimm and Solomon, 1988] to range between 10 and 25 K/kin. Simple conduction models [Solomon and Head, 1982] and flexural studies [Solomon and Head, 1990] 1978] . For this case, the changeover from predominantly elastic to predominantly viscous behavior occurs in the crust at a depth of 680 m and in the mantle at a depth of 13 km (Figure 4) . Relaxation predicted by the model (Figure 5a ) proceeds very rapidly, with most of the motion occurring within the first year. The plateau relaxes to very near its final shape in approximately 100,000 years, with only limited movement between 100,000 and 400,000 years. By about 400,000 years, equilibrium has been reached, the remaining load is supported by buoyancy and flexural stresses, and no further significant relaxation occurs. In reality, relaxation of topography raised by a hot diapir will be slower than our model predicts. This is because the model essentially assumes that the diapir that raised the topography cooled instantaneously, re- 
where l is a characteristic length scale and _ is the thermal diffusivii_y.
As 
Stresses
at a depth of 0.5 km (the midpoint depth of surface elements in the model) reach their maximum differential magnitude after approximately 10,000 years ( Figure 5b) , when the topography has relaxed to nearly its final state. The stresses remain essentially the same with further relaxation. Stresses in the three principal stress axes are compressional within the load, while the radial and hoop stresses become extensional beyond the load. The vertical stress is constant, representing pgh at a depth of 0.5 km within the upper layer of the load and the crust beyond the plateau load. Maximum differential stresses in the interior bowl region of the corona are compressional and relatively small, reaching a maximum of about 40 MPa (vertical minus radial) at a radial distance of 80 km. The vertical stress is the least compressional, and the radial stress is the most compressional, which could result in concentricthrust faulting if the stress levels were high enough [Aaderson, 1951] . However, rocks are strong enough in compression that the relatively low differential stress at this point would be unlikely to produce such faulting. Indeed, concentric thrust faults are not generally found within the central basins of coronae.
Beyond the edge of the plateau, the near-surface radial stress is the most extensional, while the vertical stress is the most compressional, leading to the expectation of concentric normal faulting. The maximum differential stress reached is 46 MPa at a radial distance of 190 km. The differential stress is above 40 MPa over a range of 170 to 220 km from the corona center. This coincides with the outer wall of the moat surrounding the raised rim, in the region where concentric grabens are observed on the moats of many coronae [Squyres et al., 1992a] . The predicted stress level is close to the 50 MPa estimated to be required for fault propagation in Venusian surface rocks [Janes et al., 1992] . There is a narrow area on the lowermost portions of the exterior wall of the moat where the radial stress is the most extensional and the hoop stress is the most compressional. Simple [1951] failure criteria would predict strike-slip faulting here if stress levels were high enough, though it is not clear that Anderson criteria can accurately predict strike-slip faulting in such an environment [Schultz and Zuber, 1994] . No such faulting is generally observed here in coronae, and predicted differential stresses in this region are relatively small, approximately 30 MPa, so that in any case the absence of faulting is not unexpected.
Anderson
The location of the maximum differential stress on the outer wall of the moat moves closer to the corona center with increasing relaxation. The maximum occurs initially at a radial distance of 230 km, moving inward as relaxation progresses.
One striking discrepancy between model predictions and observed tectonics is the absence of a model prediction of concentric fracturing on the raised rim of the corona. Stresses on the rim are compressional, with the hoop stress the most compressional and the radial stress the least compressional so that, if anything, strike-slip faulting would be expected according to Anderson criteria. However, the differential stress in this region is only 20 MPa or less. The lack of a prediction of the formation of concentric fractures on the rim during relaxation suggests that the fractures observed on corona rims form at some other stage of corona evolution. For example, [1994] suggests that this set of fractures forms during the transition from radially fractured domes to uplifted plateau, as bending of the surface is concentrated at the edge of the plateau that will later form the raised rim.
Koch
Crustal Thickness
Proceeding from the "standard" case described above, we first examine the effects of crustal thickness on relaxation. Figure 6a shows final profiles for crustal thicknesses of 5, 11, and 21 km with a 15 K/km near-surface temperature gradient. It also shows a topographic profile across the corona Earhart. Relaxation takes longer for the 5-km crust than for an ll-km crust, reaching equilibrium after 800,000 years. This time span, however, is still considerably shorter than the expected cooling time for the diapir which raised the initial plateau, so that relaxation time will still be controlled by cooling. The final topography is very similar to that produced by the thicker crust. in that they match the height of the central bowl and raised rim as well as the depth of the moat. However, the actual rim and moat are more separated and the slope between them shallower than that predicted by the model. This is almost certainly due to the fact that the model starts with an arbitrarily steep, step function plateau, whereas in reality, the slope of the plateau will likely be less pronounced. We will show, however, that relaxation of initial loads as broadly sloped as might be formed by thick extrusive flows will produce neither a central bowl nor raised rim.
In Figure 6b , we plot the maximum radial-vertical differential stress, which would be responsible for concentric tectonics, for each of the three different crustal thicknesses.
The stress state reached with a 5-km-thick crust is very similar to that for the ll-km case, having a maximum of approximately 45 MPa on the outboard wall of the moat.
Relaxation of a 21-kin-thick crust leads to a more sharply localized rim and moat ( Figure  6a) , and the maximum differential stress state is also more sharply defined. to tbe center than both the 5-km and ll-km crust cases. Differential stress exceeds 50 MPa over an annulus between 160 and 170 km and exceeds 40 MPa between 150 and 180 km. Therefore the width of the area of possible concentric fracturing narrows with increasing crustal thickness. Compressional stresses on the rim are also larger for thinner crusts, but still only reach a maximum of 50 MPa.
Temperature Gradient
To examine the effects of the near-surface thermal gradient on plateau relaxation, we ran additional models with different thermal gradients. Figure 7a shows the results for an l l-km-thick crust with temperature The rim stands only 150 m above the central bowl, and the moat reaches a depth of only 180 m below the surrounding plains. These differences are most likely due to the thicker portions of the crust and mantle that are dominated by elastic strength, and that therefore are able to flexurally support the load without failing by viscous flow. With a thermal gradient of 30 K/km, relaxation proceeds very rapidly in the model and reaches equilibrium in only 10,000 years• Otherwise, the effects on final topography are generally similar to those produced by a thicker crust, with a narrowly defined rim and moat and a gentle rise in the central depression as relaxation reaches completion.
As was the case with Earhart (Figure 6a ), model derived rim height and moat depth provide a reasonable fit to that observed at Mama Alipa (Figure 7a ), although a regional slope prevents a better fit to the flexure outboard of the moat.
The topography of Mama Alipa shows a relatively sharp slope between the rim and moat, indicating that it might have been more sharply plateau shaped initially than was the case for Earhart. The depth of the central bowl implies a thermal gradi- The effect of thermal gradient on the maximum differential stress developed during relaxation ( Figure 7b ) is similar to that produced by crustal thickness variations ( Figure  6b ), but is more pronounced. For a 5 K/km gradient, the maximum differential stress is low and broadly distributed compared to the higher 15 K/km case.
In the region of concentric extension it reaches only about 25 MPa at a distance of 240 km. The central compressional stress ts approximately 40
MPa. Conversely, a steep 30 K/kin gradient produces stresses that are both greater m magmtude and more narrowly confined to the moat and rim region Stresses reach a maximum differential stress of about 60 M Pa in the area of concentric normal faulting on the outer wall of the moat at a distance of 160 km.
In summary, both higher thermal gradients and thicker crusts produce more sharply defined corona topography and higher stresses. The center of the initial plateau typically subsides to approximately one half its original height of 1 km. The exception is when a very low "thermal gradient results in such thick elastically dominated portions of the crust and mantle that the center remains high.
In the most advantageous case of a thick crust and a high thermal gradient, the differential stresses on the outer wall of the moat are greater than the 45 MPa maximum brittle extensionalstrengthof the crust (Figure 4) and the 50 MPa faultpropagation strengthof the Venusian crust inferredby Janes et al. [1992] .
Viscous Flow Law
Recent laboratory experiments have indicated that under the very dry conditionson Venus, diabase may exhibita more viscousbehaviorthan previouslythought [Mackwell et al.,1994] .We have run models using this new flow law to determine the effectit would have on relaxationof plateaus on Venus. Figure 8a shows (Figure 6a ) still occurs but is much less pronounced.
Stresses,
as well as topography, become higher and more sharply focused with replacement of the iower crust by mantle material. The peak differential stress on the outer wall of the moat for the 5 km thick crust is 53 MPa (Figure 9b) ., 1991] indicated that an initially uncompensated plateau shape was required in order to form the characteristic topography of coronae. We have implicitly assumed that this is the case in the modeling shown so far. To test this assumption,
we have run a model in which the initial topography has a cross section that would result from an outflow of a viscous fluid onto the surface.
To determine the initial load shape, we adopt the similarity solution of Huppert [1982] , who found the height of an axisymmetric outflow, as a function of radial position and time, to he given by ¢213 h(,,,) =,a (3Qv/g') 1/4 t(°-1)/4 ¢(_/_a)
where h is the height, r is the radial distance from the flow center, R is the radius of the flow, t is time, Q is the constant of proportionality between the volume of the flow and t°, v is the viscosity, 9' is the reduced gravity 
At some time, t, after the flow has been emplaced, we take C, = (3Qu/g') I/'t -114 (17) and
solving for these constants from the boundary conditions at the edge of the flow,
_R -Ce
and at the center of the flow, h¢r=0)= _/SC,¢(_<r=0)/_R) (20) Figure 10 shows the topography of this kind of load, initially 1 km in height, during relaxation. At no time during the process does the characteristic profile of a corona, with a central depression and an annular rim, form.
Only the exterior moat develops as the lithosphere flexes under the imposed load. The inference drawn by Stofan et aL [1991] that the initial topography must be flat-toppedand steep-sidedthereforeisrobust to the additionof elastic rheology to relaxationmodeling. Such plateau-shaped topography should resultas the diapirthat produced the initial radiallyfractured dome flattens against the underside of the lithosphere [Janes et al.,1992; Koch, 1994] ,and is also likelyto be the source of concentricextensionalfracturingconcentratedat the edge of the plateau [Koch, 1994] which willlaterform the raisedannulus. 
Discussion and Conclusions
